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Most diseases run in families—this is also true of virtually ences. A genetic influence is indicated if monozygotic are
all psychiatric disorders. Twin and adoption studies havesignificantly higher than dizygotic concordance rates. If
shown that most psychiatric disorders have a genetionly one gene contributes in each family, we expect
component, yet very few genetic factors &mwn, as is  monozygotic twins to have a twofold higher concordance

true for most disorders with a complex genaifegin. Here  a4q than dizygotic twins, since they share twice as many
| review, for nongeneticists, some of the basic ter-

minoloay and concepts used when studvina complex qd€M€S 8 dizygotic twins. If more than one genetic factor
gy P ying PIEX 9% ontributes to susceptibility in the same person (which can

netic diseases, with examples from psychiatric genetics; . . .

This review is intended to help in the understanding and®® WO or more different genes, or, as in a recessive
critical evaluation of reports on genetics of psychiatric disorder, two alleles of the same gene), the difference
illnesses in the literature. Biol Psychiatry 1999;45: between the concordance rate for monozygotic versus

522-532 ©1999 Society of Biological Psychiatry dizygotic twins is expected to be larger than twofold. Such
a contribution of multiple genes to a given illness is often

Key Words: Complex genetics, psychiatric genetics, as-called epistatic gene interaction (Lander and Schork 1994,
sociation, linkage Plomin et al 1994). Epistatic interaction should be con-
trasted with heterogeneity (see below), in which several
genes can cause the same disease, with only one contrib-
How Do We Know That Predisposition to a  uting in each individual. Twin studies cannot detect
Disease Is Genetic? whether there is heterogeneity, and would still implicate

Most diseases run in families—but that is not enough too < 9ene, since only one gene acts in each family.

. . . : . Twin data implicate genetic factors as major predispos-
conclude that genetic factors are involved, since infectious L )
. . . L ing factors for most psychiatric illnesses (Plomin et al
diseases or nongenetic traits such as malnutrition o e .
. . . .~1994). The concordance rates indicate a stronger genetic
attendance of medical school also run in families. Twin: .
influence than for many other complex disorders, although

and adoption studies discriminate between fam|I|aI|ty_d_ueOften the difference between monozygotic and dizygotic

Rwins is less than a factor of two, indicating both genetic

mean with the latter any nongenetic fgctor, Inf:IUdmgand shared environmental factors (Plomin et al 1994). For
chance and measurement error). Adoption studies have , . . . ; . X
) . ... schizophrenia and autism, there is also evidence from twin

shown that the risk of an adoptee of having a psychiatric . L L
and family data for epistatic interaction, i.e., several genes

disorder depends more significantly on the mental health teracting in the same individual (Plomin et al 1994:

; : . n
of the biological parent than on that of the adoptive parenkisch 1990). [Also, see Report of the National Institute of

(Kendlgr and !:)|ehl 1993; Mitchell et al 1993). .Mental Health’s Genetics Workgroup (Appendix E) sum-
In twin studies, concordance rates among monozygotic o : S

. . . . mary of genetic findings in all psychiatric disorders

and dizygotic twin pairs are compared. To measure con- N
. - . elsewhere in this issue.]

cordance rates we simply ask: if one twin is affected, what

is the chance that the cotwin is also affected? If both
monozygotic and dizygotic twin pairs have similar high Alleles—The Variations in the Genome

concordance rates, a similar (shared) environment is 7 . i
. - L h general, an allele is one of several forms of any defined
major factor for susceptibility. Similar low concordance DNA sequence in the genome, whether it is a gene or an

rates are due to different (honshared) environmental mﬂu?;monymous DNA sequence. Such a defined place in the

genome is called a locus [plural loci, please see also the
From the Mental Health Research Institute, University of Michigan, Ann Arbor, glossary (Appendix 1) for a summary of terms explained in
Michigan. his section]. If a disease is inherited in a simple manner, the
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more restricted sense, implying disease-causing mutatiomnd precise chromosomal location (Dib et al 1996; Murray
An allele that is frequent¥1%) in the general population et al 1994).
is called a polymorphism. With polymorphisms found More recently, several thousand simple single nucleo-
every few hundred base pairs in a recently sequencetide (base) changes (single nucleotide polymorphisms or
example (Nickerson et al 1998), and predicted to exist i'SNPs) have been identified (Wang et al 1998). Like
abundance in the human genome (Chakravarti 1998RFLPs, there are usually only two alleles at each locus;
Wang et al 1998), it is becoming increasingly clear that thehowever, more than the gel-based technology of SSLPs,
study of genetic variation will be part of the Human these may become more readily automatable in the near
Genome Project, which will provide us in the near futurefuture, using new procedures involving hybridizations to
with hundred of thousands of polymorphisms spread ovefchips” (see Watson and Akil current issue). The ability to
all of the genome (Chakravarti 1998; Collins et al 1997;analyze thousands of SNPs more efficiently than SSLPs
Wang et al 1998). compensates for the higher likelihood that any one SNP
Large-scale genetic mapping became possible when marker may be uninformative.
was realized that variants are frequent in the human

genome, and molecular tools such as the polymerase chajq. .
reaction (PCR) became available to analyze them in Iar;glseases Can Have a Complex Genetics for
numbers of samples. Polymorphisms used in geneti any Reasons
studies often are called (genetic) markers. The first largeA Mendelian disease runs in families in a strict dominant,
scale human genetic mapping studies used variants thagcessive, or X-linked fashion. Hundreds of such disease
affect restriction sites, termed restriction fragment lengthloci have been mapped, and over 600 genes involved in
polymorphisms (RFLPs). A restriction enzyme cleaves agenetic diseases have already been identified (Gelehrter et
a specific sequence. For example, EcoRI cleaves at thal 1998); however, so far there are only very few examples
sequence GAATTC. RFLPs arise when such a site if psychiatric illnesses inherited in a strictly Mendelian
mutated, e.g., to GAATTT, which is no longer cleaved by fashion (see Brunner et al 1993 for such an example).
EcoRI. Most RFLPs only have two alleles, one with the Since there is some variation in onset and clinical course
restriction site, which is cleavable by the restriction even in strictly Mendelian disorders such as cystic fibrosis,
enzyme, and one allele without the site. When followingwhat makes a disease complex, i.e., non-Mendelian?
such alleles in families, an individual will often have the Lander and Schork (1994) list the following basic prob-
same allele on both chromosomes, and thus inheritance ¢éms: a) incomplete penetrance, i.e., someone who carries
these alleles cannot be followed in a pedigree, and thithe disease allele may not become ill, or the onset may be
branch of the pedigree is termed noninformative. extremely late; b) phenocopy, i.e., someone, even with
The real boost for genetic mapping came when DNArelatives with the genetic form, may be ill for a nongenetic
sequences were discovered with many more alleles, usuieason; c) heterogeneity, i.e., mutations in many different
ally between five and 10 different alleles at each locusgenes can have the same clinical end result; d) polygenic
called microsatellite markers, simple sequence lengthnheritance, for example the additive effects of several
polymorphisms (SSLPs), or short tandem repeats (STRs}lifferent alleles on quantitative traits such as blood pres-
Here | will use the term SSLPs. As the name suggestssure, or epistatic interaction, as suspected in schizophrenia
these are simple sequences that are repeated a varialsled autism, where several predisposing alleles have to
number of times; for example, a single locus may havecome together; e) high frequency of the predisposing
five different alleles, each consisting of the simple se-alleles and of the disorder; and f) other genetic mechanism
quence GT repeated 17, 18, 19, 21, or 24 times, resultingf inheritance, such as mitochondrial inheritance, or a
in length differences of two or more base pairs. Theseggeénome that is actively changing, as in disorders with
repeats are flanked by unique DNA sequences for whicfirinucleotide expansions.
PCR primers can be developed, and the length difference

is detected on gels. This process can be performed in glapping and Cloning of Mendelian Disease

fairly automated fashion on fluorescent sequencers, an . . ) .
enes: Parametric Linkage Analysis

requires only small amounts of DNA, allowing the large
number of studies currently being performed. The mosBefore going into the problems of complex disorders, let
common SSLPs repeat the sequence GT (CA on thes review how Mendelian disease genes were mapped so
opposite strand), although for technical reasons manguccessfully in the past 10 years (Collins 1995). To
genome scans now prefer to use 4-bp repeats such &entify such genes, families are ascertained, preferentially
(GATA)Nn (Murray et al 1994). There are over 6000 known large pedigrees, DNA is isolated from blood, and linkage
SSLPs, with known sequence, primers, PCR conditionsanalysis is performed in which SSLPs from all over the



524 BIOL PSYCHIATRY M. Burmeister
1999;45:522-532

I .I__O ) Figure 1. Linkage and recombination. Individuals

shown in solid symbols are affected with a domi-

Fj’ o) o [Q nant disease due to the presence of the disease
A* K Aj allele D, N being the normal allele. The father
D ﬁ ‘,M‘ carries allele D on a chromosome with marker
Lbl g ‘b-; alleles A and b. Most affected offspring inherited
! = also the A and b alleles from the father because

these alleles are linked to the disease-causing D
allele on the same chromosome. In this example,
marker allele b is depicted as being closely linked
with D, whereas marker allele A is somewhat more
distantly linked. Thus, individual II-3 demonstrates
5 6 a recombination event. During meiosis in the fa-

o
W

II 1 ’

aTa e 'ole) ale) ther, allele A was separated from the disease allele
— = m ;_ ﬁ m ’\”1 D, resulting in inheritance of the a allele from the

[ & e !! 'AT father. Allele b did not recombine with the disease
1D E : '[Nwl D rN‘] allele D

genome are tested—i.e., PCR reactions are performed afistance between the two markers. Because these linked
DNA from each member of the pedigree with 200—500SSLP alleles generally do not cause the disease and just
SSLP markers. The logic of linkage analysis is straight-“mark” the chromosome, each family can have a different
forward: If a disease-causing dominant mutation is, forallele of the SSLP linked to the disease.
example, in a gene in the middle of chromosome 4, all Once we have found an allele of a marker locus in a
affected members in a pedigree should receive the exagtedigree that segregates with the disease, how do we find
same region of chromosome 4 around that mutant alleleut whether we have enough information? If we would
(see Figure 1). Obviously, that part of chromosome 4look at one family with four children, two of whom are
carries also other DNA, which is physically “linked” on affected, chances are we may find several alleles on
the chromosome to the mutation, among it some DNA thatlifferent chromosomes segregating with the disease by
contains SSLP marker loci. That specific chromosomechance. To find out how certain we can be that a marker
with the mutation carries only one particular allele of eachis linked, a statistical analysis is performed; we compare
SSLP marker, since all affected members in a family camehe likelihood of getting the specific constellation of
from a common ancestor. In that case, the common allelesiarker alleles and affectation status in the specific family
are “identical by descent,” meaning identical because theynder two hypotheses—the “test” hypothesis that the
descended from the exact same chromosome. If an SSUiarker is linked to the disease at a specific distance,
marker is closely linked, i.e., near the mutation, affectedreflecting the recombination rate, calledqtheta), under a
individuals in a family are expected to have inherited thespecific model of genetic transmission (e.g., dominant),
same allele from an affected parent (allele b in Figure 1)compared to the likelihood of these results under the
whereas unaffected members will receive different alleleseutral (“null”) hypothesis that there is no linkage between
from their parents. the marker and the disease. Dividing these two likelihoods
If the marker is on the same chromosome but a certaigives a quotient, called the likelihood ratio. The logarithm
distance away (see alleles A and a in Figure 1), howevelto base 10 of that ratio is the LOD (logarithm of odds)
the marker allele will sometimes be separated from thescore. The LOD score can be calculated by modeling in
disease gene during meiotic recombination (individual II-3our test hypothesis any distanéeof the marker to the
in Figure 1). The further away the marker locus is from thedisease locus. Once linkage is significant, the point with
disease-causing mutation, the more often this happenghe highest LOD score gives the most likely distance
Thus, the rate of recombination is a measure of distance obetween the marker and the disease locus. Traditionally, a
the chromosome between the SSLP marker and the di¢-OD score of 3, corresponding to an odds ratio of 1000:1,
ease-causing mutation. If there is a break between two lods accepted as evidence for linkage; however, a confusing
on average in 1% of all meioses, they are said to be 1 cMpoint is that a LOD score of 3 is not equivalent go=
apart—which roughly correlates with 1 million base pairs.001, i.e., it does not mean that the chance that we are
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wrong with our test hypothesis is only 0.1%. The reason ismay be different in different families; we also have to
that when we performed a genome scan to find linkage, wespecify for every person in the pedigree whether or not he
have performed multiple tests, with markers all over theor she is affected, which is difficult when you have, for
genome, with each one of these markers a priori beingxample, individuals with unipolar depression in a bipolar
quite unlikely to be linked. In fact, with a LOD score of or schizophrenia pedigree. Sometimes, a specific model of
3.0, our chance to be wrong is about 9%—assuming genetrance is modeled on the pedigree and marker data,
simple Mendelian disease (Lander and Schork 1994). Tdaking into account the typical age of onset of the disease
model the traditional threshold of claiming significance, and the age of each individual. The solution to the question
i.e.,, p = .05, a LOD score of 3.3 needs to be achievedof what model to use is usually to model many different
(Lander and Schork 1994). hypotheses in a linkage study, and to report the one giving

One advantage of the LOD score is that studies can bthe highest LOD score; however, the drawback then is that
compared and analyzed together very simply; if onewe have to account statistically for the many hypotheses
investigator found tentative linkage for a disease to ahat were tested. Thus, the LOD score to even be reason-
specific marker with a LOD score of 1.5, and anotherably sure to have found linkage has to be much higher than
investigator, studying a different family with that same the traditional threshold (Lander and Kruglyak 1995;
marker, also found tentative linkage, with a LOD score ofLander and Schork 1994). So far, very few linkage studies
2.0, the LOD scores can simply be added (assuming botbn major psychiatric disorders have yielded consistent
used the same diagnostic criteria and genetic model)inkage results, but a few loci, on 6p for schizophrenia and
Although neither study has strong enough data to be sur&8 for bipolar disorder, have been found in at least two
of linkage, both studies together are significant with alarge independent studies (Gershon et al 1998).

LOD score of 3.5.

To increase the power and certainty with which linkage
is detected, multipoint linkage analysis is often performed,
This simply means that several marker loci, which are
known from other studies to be close to each other, ar®©ne complication in linkage mapping is if a disease runs
simultaneously checked for linkage with the disease inn a Mendelian fashion in families, but in each family a
guestion. If there is true linkage, all markers adjacent tadifferent gene, usually on a different chromosome, causes
the disease locus are expected to be linked. The combindhe disease. This is called heterogeneity. One prime
tion of alleles that segregates together in a family with theexample is deafness, for which so far over 30 different loci
disease is also called the linked haplotype, a hapolotypbave been identified (Petit 1996). Deafness can be inher-
being a combination of alleles for a number of loci on theited in a recessive, dominant, or X-linked fashion, and
same chromosome that segregate together, in this case éach runs in families in a fairly Mendelian fashion, so that
a family. The concept of haplotypes is also useful init seems often (but not always) to be a Mendelian disease.
population studies, when alleles segregating together in Although combining data from several families with
population are considered, as discussed below. different predisposing loci is possible if certain conditions

Once we know the location of a disease gene, mor@are met (Risch 1989), linkage for very heterogeneous
families linked to this same locus are examined, to narrowdisorders such as deafness is usually established in single
down a small region on the chromosome where the gene isrge families studied one family at a time, or in remote
located. If that is feasible, the steps that follow, namelyareas of the world where only one deafness gene is present
cloning of the region and identifying every gene within the and the population effectively presents a large extended
linked region, albeit hard work, have become easier anghedigree (Friedman et al 1995). This approach is being
more straightforward (Collins 1995). With the advances ofused for bipolar disorder in studies of the Costa Rican and
the Human Genome project, it will be even easier, sincgéhe Amish population (Freimer et al 1996; Ginns et al
one may soon simply look at the already existing se-1996). But again, one has to be careful; with a disorder as
guences in the linked region for candidate genes. common as bipolar disorder, in a large pedigree, chances

A major problem when studying complex diseases suclare high that individuals carrying a different predisposing
as mental illness is that the linkage analysis describedene marry into the pedigree—even if they themselves are
above is parametric, i.e., model based. The two hypothesewt affected. Then the investigator may in fact be looking
that are compared (test hypothesis linked at a specifiat linkage of two or more different loci at the same time,
distance and null hypothesis of no linkage) are verymaking linkage analysis much more difficult (Pauls et al
specific. Thus, we have to specify dominant versus recest995). Alternatively one can try to find a clinical form that
sive or another mode of transmission model—and for mosstands out as a special genetic form, as was the case for
complex disorders we do not know that for certain, and itearly-onset Alzheimer’s disease (Roses 1998).

Heterogeneity
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Nonparametric Linkage Analysis That is done by taking the allele frequencies of each

T id fth bl  selecti i marker into account: if, as in the example of the two
0 avoid some 0 t € problems of se ecting avery Speci ICsiblings both being AB for a marker, A has a frequency in
model, while still using some of the power of linkage

the general population of only 2%, but B has a frequency

analysis, nonparametric, i.e., mode-of-inheritance-indeyt gaoq we will put more weight in our statistical analysis

pendent, methods of linkage analysis were developedy, he fact that allele A is shared: it is less likely to be
called affected sib pair (ASP) methods or the more genergleqent in both parents, and thus it is more likely that allele
affected pedigree member method (APM) (Weeks andy js indeed shared IBD, i.e., that it is derived from the
Lange 1988). In- these methqu, only sibpairs or other pairg;me parental chromosome (Weeks and Lange 1988). This
of affected relatives are studied, which means the power O(Eonsideration, however, requires knowledge of the allele
seeing alleles segregating in large pedigrees is lost. Thgaquencies in the population studied, and can give mis-
idea of these methods is that independent of whether thRading results if the population or the allele frequencies
disease is dominant, recessive, or more complex, if there igre misspecified.

a disease-causing mutation in a specific chromosomal Because of its robustness, the APM approach is often
region in a high proportion of families, we expect two ysed as the first approach to identify linkage, even when
affected individuals from the same family to share anextended pedigrees for linkage studies were initially col-
allele of a marker locus more often than expected byected, and a genome scan of markers can be performed on
chance alone (50% for siblings). Just like in parametricpairs within these larger pedigrees (Brown et al 1994).
linkage, which marker allele is shared is expected to differAPM was successful in identifying chromosome 19 for
from family to family, so what is scored is only how many |ate-onset Alzheimer's disease (Roses 1998). Currently,
alleles are shared, i.e., 0, 1, or 2. One can design the studgr many complex diseases APM analysis is performed, as
to include only pairs with a specific diagnosis (e.g., onlywas the case for example in the recently published large
bipolar I disorder, excluding bipolar 1l, major depression, linkage studies of alcoholism (Reich et al 1998).

and other disorders), avoiding unclear phenotypes. In

addition, no genetic model needs to specified, and linkage

can be detected in the presence of heterogeneity (Weeksase—Control Association Studies

and Harby 1995). The statistical analysis is also SimplerLinkage-based studies are based on following marker
Terms important in APM studies are identity-by-descent

IBD) and identity-b BS) Th be il daIIeIes that are close to a mutation on a specific chromo-
(IBD) and identity-by-state (IBS). These can be illustrate somal segment. These approaches do not make any bio-

on the simplest case, two a_ffe_cted siblings. If both carry ar]ogical assumptions about the disease, in fact they are
A and a B allele, the two siblings are called IBS for both e rtormed in exactly the same fashion for diabetes, hyper-
alleles at that locus. They share two alleles by state, whichynsjon or alcoholism. Once a location is found, the nature
means both alleles are the same length whatever thgs ihe jinked marker is irrelevant, all it does is “mark” the
measurement of the alleles was, but we cannot say whelggion of the chromosome. Popular press releases often
they came from; however, if both parents are also ABconfyse identification of linkage with finding a gene—
heterozygotes, we cannot actually conclude that theinging linkage only means we have a reasonable likeli-
received the same chromosomal regions from their parentgyod of knowing where on a chromosome to look for the
—they may in fact share none. Thus, the two affectedyenel
siblings may be IBS (both AB) but not IBD (the two sets Byt can a susceptibility gene be identified in a more
of A and B alleles came from different parental chromo-girected manner, incorporating our knowledge of the
somes). If, however, the two parents are AC and BCisease? Association studies do just that, and have been
heterozygotes, we are sure the two affected siblings withhopular for that reason for many years. This approach
AB alleles received the same alleles from the samenas often been called candidate gene approach, although
chromosomes; therefore they are also IBD. Thus, knowingjeneticists tend to refer to a candidate gene as a gene that
the parental genotype makes APM more powerful, sincgs located in a chromosomal region previously found
we are interested in linkage to a chromosomal region, angelevant in linkage studies (Gelehrter et al 1998). An
can conclude for certain whether there is IBD or not with association study is basically a genetic case—control study
parental genotypes. (Figure 2A). The logic relies on our hypothesis about the
It is not always possible to get the parental genotypeiliness in question; we ask, for example, if a functionally
however, as for example in studies on Alzheimer’s disor-different allele of the serotonin transporter is more fre-
der (Roses 1998). Since we are not really interested imuently observed in depressed or in alcoholic patients than
IBS, but in IBD, we would like to put the most weight on in control subjects. The methods and statistics involved
those cases in which IBS is most likely a reflection of IBD. superficially are very simple; we ask if the patient sample
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A Case-Control Association Studies have to assume that there is epistatic gene interaction, the
predisposing alleles are also expected to be fairly common
Unrelated Affecteds Matched Controls polymorphisms rather than rare mutations, as is the case
for Mendelian diseases. Examples of interest for mental
EEEO 0O OO0 illness are alleles of the dopamine D4 receptor with
N N K ) OO0 O different C-terminal regions due to a protein-coding repeat
domain of different length (Van Tol et al 1992); catechol-
C N ooy O-methyltransferase variants with low and high activity
Measare allele frequencies in both samples, (L_achm.an et al 199§)_; and serotonin transporter alleles
search for statistically significant differences with a high or low activity promoter (Lesch et al 1996; see
also Malhotra and Goldman, current issue).
B Family-Based Association Studies Many association studies have resulted in controversial,

irreproducible, or erroneous results, however, as exempli-
fied by a widely publicized study claiming that an RFLP
within an intron of the dopamine D2 receptor gene
(DRD?2) is associated with alcoholism (Blum et al 1990).
This association could not be reproduced by most labora-
tories, and most now agree that this allele of DRD2 is no
longer considered a major risk factor for alcoholism
c Haplotype Relative Risk Method (HRR) (Gelernter et al 1993). This does not necessarily exclude
the DRD2 gene, since other alleles of the same gene are

Ascertain affecteds and their parents

Alleles in affecteds: Control alleles .
not necessarily excluded.
AE, AE, AB, AC, BE BC, CC, BE, BE, BC As anyone performing clinical trials knows, case—
control studies rely on a design in which the control
D Transmission disequilibrium test (TDT) subjects are comparable to the cases, which is why

complicated formulas are used to match patients on
gender, age, risk, weight, and other parameters. The
problem with case—control studies in genetics is that it is
hard to define and ascertain a precisely genetically
matched control sample. In the case of the RFLP in DRD2,
Measure how often each allele is transmitted from a heterozygote parent (shown later studies showed that the frequency of the allele in
for allele A) to affected offspring (here: 100%, expect 50% if not associated) . . .

. o . ~ question can vary widely among populations, between 9
Figure 2. Association studiegA) Case—control association 5nd 75% (Barr and Kidd 1993). Thus, if the ethnicity of

studies compare allele frequencies between a patient cohort a . . .
an ethnically matched control cohort. The problem here is tha[iﬁe cases was slightly different from the ethnicity of the

ethnic matching is not completely feasibi8) Family-based Cor_ltrol sul_)jects, perhaps_because the incidence C_)f alco-
association studies overcome the problem of ethnic matching bfolism varies among ethnic groups, allele frequencies are
ascertaining patients as well as their parents. Nontransmittedxpected to differ, without any relevance for alcoholism.

alleles from parents can be used as cont{@¥In the haplotype- Ethnicity here is not limited to broad categories— of

relative risk method, the allele from each parent that is nOtcourse an association study with Caucasian samples uses
present in the patient is used as a conf). In the transmission ! y P

disequilibrium test, each allele, in this example allele A, is testedCaucasian control subjects—but it may be quite subtle,
separately. Only parents heterozygous for allele A are relevant. Such as differences between Norwegians and Finns. An
heterozygous parent is expected to give allele A to 50% ofjlustrative example is a study of diabetes in Native
his/her offspring; however, if allele A is a predisposing factor, it A naricans (Knowler et al 1988); since the study was
is transmitted more often than expected to affected offspring (4/4. ited t ific Native A . tribe i
times =100%, in this small example). imited to a specific Native American tribe in a reserva-
tion, one would think that ethnicity was well controlled. A
strong association was identified in which one particular
allele of the immunoglobulin complex seemed to protect
from diabetes; however, thorough analysis in which par-
has more of one allele than the control sample. Allelegicipants were asked about the ancestry of all great-
known or presumed to have a functional significancegrandparents showed that the associated allele was in fact
because they affect the protein coding region or the leved marker for white admixture—since diabetes is less
of expression are currently the most interesting to evalueommon in Caucasians than in the tribe studied, having
ate. Since many psychiatric disorders are frequent, and weome Caucasian ancestry protected from diabetes, and the
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Table 1. Comparison of Different Methods Currently Used in Complex Genetics

Linkage studies Association studies
Nonparametric Family-based
Parametric (ASP/APM) Case—Control (HRR and TDT)
Power High for Mendelian, low Moderate for Mendelian and Low for Mendelian, higher for Highest for alleles with small
for complex large effect complex alleles with small effects effects, low for Mendelian
Patient resources Large pedigrees with many Two affected subjects per  single patients and ethnically Patients and their parents,
needed affected subjects with family, best when parents  matched control subjects preferentially also other
same defect also available sibs
Genetic tools Genetic markers (SSLPs or Genetic markers (SSLPs or Candidate genes with Candidate genes with
needed SNPs) every 5-20 cM SNPs) every 5-20 cM polymorphic alleles polymorphic alleles
Advantages Highest power if Highest power if large gene Ease of sample collection and Highest power to find alleles
Mendelian, genome scan  effect; no genetic model statistical analysis with small effect on risk
very efficient needed; allows genome
scan
Problems Need to ascertain Need parents or siblings for Cases and control subjects Need to ascertain large
pedigrees; need specific best power (IBD); not have to be ethnically well numbers of patients and
genetic model; limited if easy to narrow down to matched to avoid false parents; need candidate
heterogeneous identify gene positive association gene
Summary Best applied to Mendelian Best for first pass genome  Easiest to check if a candidate Best for highly complex
diseases with no or scan of somewhat gene might be involved, but  disorders, but needs alleles
limited heterogeneity complex diseases and to prone to false positives in candidate genes.

identify candidate genes

Please refer to text and further literature, since many statements made here are correct only under certain conditions. For example, it ctedéehanhteipome-wide
association studies, without specifying candidate genes, may be possible in the not too far future.

allele is more common in Caucasians. Since in the Uniteathnic matching is avoided. Recent research also suggests
States the ethnic origin is often very mixed, and we do nothat collecting unaffected siblings will increase the power
know a priori the ethnic distribution with precision, such of certain studies, especially when dealing with quantita-
an artifact, called population stratification, cannot easilytive traits (Risch and Zhang 1995).
be avoided. It is especially a problem when allele frequen- In HRR (Falk and Rubinstein 1987; Terwilliger and Ott
cies, as in the case of DRD2, vary widely across populad1992), the alleles from each parent that are not transmitted
tions. to the patient are used as control samples (Figure 2C); if
Because ethnic stratification is not due to small samplene parent carries alleles A and C, the other A and B, and
size but due to unequal distribution of alleles, increasinghe patient carries alleles A and B, one A and one C allele
the sample size will not eliminate this problem, it will even were not transmitted to the patient, and are the control
make the apparent association stronger. A way to partiallgample.
overcome this problem is ascertainment of cases and The basis for TDT is an apparently skewed transmission
control subjects from many different populations. If the of a predisposing allele; if a parent is heterozygous for
same allele is associated with the disease in many differerdllele A, we expect on average 50% of the offspring to
populations, we can be more certain (but not absolutelynherit allele A, and 50% the other allele. If, however,
sure) that the allele is truly associated with the disorder.allele A is a predisposing allele for a disorder, we expect
patients to receive allele A more often than expected by
chance (Figure 2D). TDT analysis (Spielman and Ewens
Family-Based Association Studies 1996) will only yield a positive result when the allele is
both associated with the disorder and linked—which is

A better way to overcome the population-stratification hat 0f el di ina to the di
problem in case—control studies, however, are newer!/1at We expect irom an aflele predisposing 1o the disease

family-based approaches, called haplotype relative rislpUt not from an allele that marks ethnicity.
(HRR) and transmission disequilibrium test (TDT) (see
Figure ZBTD). The idea in these studies is to use thEWhiCh Method Might Work for Which
nontransmitted allele from the parents of an affectedD- 5
. . . ISease :
proband as internal controls (Figure 2B). In this manner,
the same individuals, parents of affected subjects, providelow can we decide between the methods mentioned
both the test and the control sample, and thus the issue afbove for our particular interest (see Table 1 for a
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simplified summary)? When the disease is inherited in ao susceptibility, making a study very complex, as may be
clearly Mendelian fashion, there is no question that parathe case for autism. If an allele only increases risk by a
metric linkage analysis is by far the most powerful methodfactor of 2, the effect of that gene on the risk for the
to locate a gene. Several pedigrees have been identified tlisease is not very strong. GRR is a useful concept for
which bipolar disorder segregates in an apparently Menmodeling, but we do not usually know the GRR when a
delian dominant fashion, and other pedigrees in which itstudy is initiated—it can only be determined once we have
seems X-linked; however, since a disease such as bipolédentified such a predisposing allele. When various values
disorder, which clearly runs in families, is fairly common, for GRR were modeled, it became clear that for large
some families with an apparently Mendelian inheritanceGRR, that means alleles with a large effect, linkage
pattern are expected to be found by chance (Hebebrargtudies, including APM, are more powerful and require
1992). Such families will not give consistent results in fewer samples; however, as soon as GRR fell below about
linkage studies. In contrast, early-onset Alzheimer’s dis4, the number of samples required for linkage studies
ease (Roses 1998) is inherited in a dominant manner, arlgecame astronomical, yet were still within reasonable
thus was recognized as a special, clinically distinct form offange when TDT was modeled as the method of analysis
an otherwise complex disease, and linkage was applietRisch and Merikangas 1996). Thus, the more complex the
successfully. Linkage may thus be useful when a specificdisorder, and the smaller the effect size of each allele, the
clinically unique form of the disease is studied. Anothermore advantageous it is to use TDT; however, compared
approach may be to search for Mendelian traits associatel@ case—control association studies, samples for TDT are
with psychiatric disorders, e.g., electrophysiological ab-harder to obtain; it is much easier to collect patients and
normalities, and then perform parametric linkage analysigontrol subjects than to collect patients and their parents.
(see Freedman et al current issue), or to identify clinically

distinct families with clearly Mendelian inheritance (Brun- . L )
ner et al 1993). Genome-Wide Association Studies

To determine which approach is most useful, we need tqn any form of linkage study, with a few hundred markers
get an idea of how complex the disease is. One way to0 asie can search blindly, without biological hypotheses, over
the question is to say: how much of a difference does ithe whole genome. In contrast, in TDT, specific alleles of
make for my risk for a disease if | have a relative with the 5 candidate gene are tested for association with the
illness? In other words, if I have a depressed mother, howisease, and even different alleles within the same gene
much greater is my chance of becoming depressed thamay be independent. Although the candidate gene ap-
that of the population at large? This measure is theproach seems appealing when we have a good hypothesis
recurrence risk, lambday), which is defined as the risk of about the disease, genetic studies often identified genes
a relative of an affected subject to have the disorderthat were never thought of as candidate genes: a protease
divided by the risk to the general population (Lander andinhibitor causing epilepsy, or a channel mutation causing
Schork 1994; Risch 1987, 1990). This value can bemigraine. Therefore we might ask, can we use the power
calculated from epidemiological data; so, if the risk to aof TDT in detecting alleles that have only a small effect on
sibling of an autistic proband is about 8%, and therisk, and combine it with the power of whole genome
incidence of autism in the general population is aboutscanning, which allows identification of new genes not
4/10,000,\g, the risk ratio for a sibling, is about 200. For previously thought to be relevant for the disease? In that
depression, the risk ratio is much lower, because depregase, we may need to do TDT tests on all alleles (and there
sion is quite prevalent in the general population. Inmay be dozens in each gene!) on all 100,000 or so genes,
general, the larger the risk ratio, the easier it is to find aan enterprise resulting in over a million data points per
disease gene; however, autism may be a proof to thindividual, with a need to test a few thousand individuals,
contrary, since there may be complex interaction ofthus a few billion data points! Statistically, in spite of
several genes with each other, and genes with envirorhaving to correct for the many different comparisons, this
mental factors. approach was shown to be powerful with a reasonable

Another way is to ask: how is my risk increased if | sample size (Risch and Merikangas 1996). Watson and
carry one specific predisposing allele of a specific genekil (current issue) address possible technical solutions
This is the genotypic relative risk (GRR) (Risch and that may allow us to imagine such studies in the not too
Merikangas 1996). GRR describes the increased chance dfstant future.
having the disease for an individual with one allele over In addition, in practice, the number of tests needed may
the risk if he carried the other allele (everything else beingnhot be quite as large; each population has a history, and it
imagined to be equal). Even with largethe GRR may be has long been recognized that in populations that started
small if there are many genes that each contributes a littleut small not very long ago, for example the Finnish
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Appendix 1 loci close to the mutation have not been separated from the
mutation during evolution. Therefore, alleles that were

Glossary present on the founder chromosome are overrepresented in
Allele—one of several alternative forms of a gene or anpatients.
anonymous locus. Linkage—the close proximity of two loci on a chromo-

APM—affected pedigree member method. A nonparasome such that they are separated during meiosis less
metric linkage method in which alleles that are shareckrequently than expected by chance (50%).

between at least two affected individuals of a family are | ocus—plural loci: a defined place in the genome,

compared. _ _ . which can be a disease locus, a marker locus, or a gene.
ASP—affected sib pair method. A specific form of | op score—the logarithm to base 10 of the likelihood
APM using only affected sibs. ratio. The likelihood ratio gives the odds favoring linkage

_Candidate gene—a gene that might be involved in they; 5 gpecific distance over the alternative, no linkage. By
disease for biological reasons. Among geneticists, ofteR,nyention, a LOD score over 3, reflecting an odds ratio of
the meaning is a positional candidate gene, which is a gengy.1 s taken as significant evidence for linkage, a LOD

that has become a candidate for. the.disord.er because §Eore of—2 (odds 100:1 against linkage) as evidence for
maps to a chromosomal segment implicated in the d'seas&cluding linkage.

by linkage.

GRR—genotype relative risk. The increased risk of
having a given disorder due to carrying one particular
allele.

Microsatellite—see SSLP.

Parametric—model-based. Parametric linkage analysis
requires specifying a genetic model, which includes dom-
Haplotype—a combination of closely linked alleles inance, penetrance,. age of onset, gnd many other param-

eters. The contrast is nonparametric.

inherited together as a unit. .
. . . .. .. Polymorphism— the occurrence of at least two alleles
Heterogeneity—genetic or locus heterogeneity exists if ) : )
f a locus in the general population of which the rare allele

mutations in different genes can cause the same pheno- 0
type. This should be contrasted with allelic heterogeneity, asa frequenqy .Of at least 1%. :
which is not discussed in this review and simply means RFLP—restrlc'uon fragm(_ant length polymorphism. A
that different mutations in the same gene can cause the°lYmorphism that results in an altered pattern of DNA
same disease; this is common, but does not interfere witff2gments following the action of a specific restriction
genetic mapping. enzyme. _ _
HRR—haplotype relative risk method. A statistical SNP—single nucleotide polymorphism. Any locus
method for association studies in which the nontransmitted?n€ré @ simple base change is common in the general
parental alleles are used as controls. population, i.e., polymorphic. _
IBD—identity by descent. The identity of two alleles in ~ SSLP—simple sequence length polymorphism, also
two individuals because they inherited the same chromoknown as microsatellite or STR marker. A locus where a

somal segment carrying the allele from a common ancesSimple sequence (e.g., GT, CAA, or GATA) is repeated in
tor. tandem many times, and in which there are multiple alleles

IBS—identity by state. Identity of two alleles in two of different length, resulting from different numbers of the
people. ldentity by state may or may not reflect IBD, repeat.
which is the more relevant parameter. STR—short tandem repeat. See SSLP.

LD—linkage disequilibrium. Preferential association of ~TDT—transmission disequilibrium test. A statistic for
one allele of one locus with a particular allele of anotherassociation studies. A significant TDT result means that an
locus more than expected by chance. In the simplest cassllele is both associated and linked with a disorder. Parents
a rare disease mutation may be in LD with alleles onheterozygous for a predisposing allele transmit that allele
nearby loci because the mutation arose only once, on more frequently to affected offspring than would be
founder chromosome that carried specific alleles. Thosexpected by chance, i.e., more than 50%.



